Introduction
============

Oocytes from all animal species have a special coat of ECM that has different names depending on the species ([@bib16]; [@bib52]; [@bib53]): the zona pellucida in mammals, the chorion in fish, the vitelline envelope in amphibians, mollusks, and crustaceans, and the vitelline layer in echinoderms and nematodes. The oocyte ECM coat mediates sperm binding and is modified after fertilization, often dramatically, to prevent polyspermy and to generate a covering to protect the zygote. The processes that modify the ECM coat vary between species; however, there are many common themes ([@bib53]). Postfertilization coats are assembled from material stored in the oocyte, although supporting cells can also modify the coat from the outside. Coat assembly usually involves exocytosis of specialized secretory vesicles that contain structural proteins and ECM-modifying enzymes, called cortical granules. Cortical granule exocytosis promotes separation of the vitelline layer from the embryo surface, generating an intervening "perivitelline" space.

The nematode postfertilization ECM coat is a trilaminar eggshell that has been proposed to be comprised of an outer vitelline layer, a middle chitin layer, and an inner lipid layer that acts as a permeability barrier that prevents the passage of small molecules ([@bib52]; [@bib28]; [@bib39]; [@bib4]; [@bib5]). The outer vitelline layer stains with wheat germ agglutinin ([@bib21]), suggesting that it contains glycoproteins with *N*-acetylglucosamine (GlcNAc) and/or *N*-acetylgalactosamine carbohydrate modifications ([@bib34]), but no protein components have been identified. Fertilization is thought to activate chitin synthase (CHS-1), a multipass transmembrane protein that polymerizes cytosolic UDP-GlcNAc into the secreted β1,4-linked GlcNAc homopolymer, chitin ([@bib56]). Chitin is thought to be deposited under the vitelline layer immediately after fertilization ([@bib29]), in a step that is essential to prevent polyspermy ([@bib22]). The next step of eggshell assembly occurs ∼15 min after fertilization at anaphase of meiosis I, concurrent with a wave of cortical granule exocytosis ([@bib4]). Exocytosed cortical granule cargo is proposed to build the inner eggshell layer and generate the permeability barrier. Cortical granules stain with an antibody against chondroitin ([@bib43]), suggesting that the redundant chondroitin proteoglycans (CPGs) CPG-1 and CPG-2, which are required for eggshell impermeability, may be important cargoes ([@bib21]; [@bib36]; [@bib4]). Fatty acid biosynthesis and modification enzymes have also been reported to be essential for eggshell impermeability and assembly of the inner eggshell layer ([@bib48]; [@bib40]; [@bib5]; [@bib8]).

Using immunoelectron microscopy, we show that the *Caenorhabditis elegans* eggshell is composed of an outer vitelline layer, a middle chitin layer, and an inner layer containing CPG-1 and CPG-2. A precise switch between assembly of the chitin and CPG layers occurs when chitin synthase is internalized from the cell surface concurrent with exocytosis of cortical granules carrying CPG-1/2 at anaphase of meiosis I. Surprisingly, cortical granule exocytosis and completion of the trilaminar shell did not confer impermeability to small molecules as previously proposed. Correlative light and electron microscopy revealed that the permeability barrier is a distinct envelope between the trilaminar shell and the embryo plasma membrane that forms in a separate step. Permeability barrier formation requires passage through anaphase of meiosis II, fatty acid biosynthesis, the sugar-modifying enzyme PERM-1, and the acyl chain transfer enzyme DGTR-1. These molecular requirements suggest that an ascaroside glycolipid may be an essential constituent of the permeability barrier. These findings define the hierarchical assembly of the nematode eggshell after fertilization, delineate the event of permeability barrier formation, and establish the key molecular mechanisms operating at each step.

Results
=======

Chitin and the CPG-1/2 localize to the middle and inner layers of the trilaminar eggshell, respectively
-------------------------------------------------------------------------------------------------------

In electron micrographs, the *C. elegans* eggshell appears trilaminar, consisting of a thin, electron-dense outer vitelline layer and thicker middle and inner layers ([Fig. 1 A](#fig1){ref-type="fig"}; [@bib39]). Chitin synthesis is thought to begin immediately after fertilization to form the middle layer. Cortical granules are exocytosed beginning ∼15 min after fertilization ([@bib4]). Candidate cortical granule cargoes for incorporation into the eggshell include the functionally redundant CPGs CPG-1 and CPG-2 ([@bib36]; [@bib4]; [@bib43]). CPG-1 and CPG-2 contain chitin-binding domains ([Fig. 1 C](#fig1){ref-type="fig"}), suggesting that they either form a mixed matrix with chitin within one eggshell layer or are incorporated into a separate layer adjacent to one that contains chitin. Localization of CPG-1/2 and chitin, which had not previously been examined at the ultrastructural level, by immunoelectron microscopy of high-pressure frozen embryos revealed that chitin was confined almost exclusively to the middle eggshell layer (91.3%, *n* = 543 gold particles and 4 embryos; [Fig. 1 B](#fig1){ref-type="fig"}). CPG-1 and CPG-2 were localized using two antibodies: one that recognizes both proteins and one that specifically recognizes CPG-2 ([Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp1}). The localization of both CPG antibodies was restricted to the inner eggshell layer (99% for α--CPG-1/2, *n* = 1,412 gold particles and 4 embryos; 96% for α--CPG-2, *n* = 311 gold particles and 4 embryos; [Fig. 1 C](#fig1){ref-type="fig"}). We conclude that instead of forming a mixed matrix, chitin is deposited in the middle layer, whereas the CPG-1/2 proteoglycans are incorporated into the innermost layer of the trilaminar shell.

![**Chitin and the CPG-1/2 localize to the middle and inner layers of the trilaminar eggshell, respectively.** (middle) Transmission electron micrographs of the eggshell in high-pressure frozen embryos. (right) Pseudocolored micrographs illustrate the location of the outer (black), middle, and inner eggshell layers. Beneath the inner layer is the perivitelline space between the eggshell and embryo plasma membrane. (A, left) A schematic is provided for orientation, with the black box highlighting the imaged region. (B) Chitin is composed of repeating units of β1,4-linked *N*-acetylglucosamine. Image is an electron micrograph of an eggshell after immunogold labeling (10-nm gold beads) with a chitin-binding probe. (C) CPG-1 and CPG-2 are secreted CPGs composed of a protein core (blue) with covalently linked chondroitin side chains (thin black lines are putative chondroitin attachment sites based on sequence consensus; [@bib36]) and chitin-binding domains. Images are electron micrographs of eggshells after immunogold labeling (10-nm beads) using antibodies recognizing both CPG-1 and CPG-2 (top) or specifically CPG-2 (bottom). Bars, 100 nm.](JCB_201206008_Fig1){#fig1}

Chitin synthase is internalized concurrent with cortical granule exocytosis, facilitating the deposition of chitin and CPG-1/2 in sequential layers
---------------------------------------------------------------------------------------------------------------------------------------------------

Cortical granules, which can be followed using the marker caveolin-1 (CAV-1; [@bib42]; [@bib4]), stain with an antibody to chondroitin ([@bib43]). To determine whether this is because the CPG-1/2 proteoglycans are cortical granule cargo, we imaged transgenic strains expressing mCherry fusions with CPG-1 or CPG-2 ([Fig. 2, A and B](#fig2){ref-type="fig"}). Before anaphase of meiosis I, both CPG probes localized within cytoplasmic cortical granules marked with GFP::CAV-1 ([Fig. S2, A and B](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp2}). After cortical granule exocytosis at anaphase I, mCherry::CPG-1 localized to the eggshell ([Fig. 2 A](#fig2){ref-type="fig"}). mCherry::CPG-1 fluorescence did not recover after photobleaching (*n* = 10), indicating that CPG-1 is stably incorporated into the eggshell (Fig. S2, C and E; and [Video 1](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp3}). In contrast to mCherry::CPG-1, the majority of mCherry::CPG-2 remained in the perivitelline space between the eggshell and embryo after its release from cortical granules ([Fig. 2 B](#fig2){ref-type="fig"}). mCherry::CPG-2 fluorescence rapidly recovered (*t*~1/2~ = 8 ± 1.8 s SD, *n* = 10) after photobleaching, indicating that it can freely diffuse within the perivitelline space (Fig. S2, D and F; and [Video 2](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp4}). Failure to preserve this freely diffusible CPG-2 likely explains why it is not observed in fixed analysis ([Figs. 1 C](#fig1){ref-type="fig"} and S1 C). Consistent with this idea, mCherry::CPG-2 and endogenous CPG-2 are similarly confined to the eggshell in fixed embryos (Fig. S1 C). CPG-2 has 34 consensus sites for chondroitin attachment compared with five for CPG-1 ([Fig. 1 C](#fig1){ref-type="fig"}; [@bib36]), suggesting that on average CPG-2 may be more glycosylated than CPG-1 and thus more likely to remain soluble in the perivitelline space. Consistent with this explanation, mCherry::CPG-2 localized to the eggshell, rather than the perivitelline space, in embryos depleted of SQV-5, the enzyme responsible for elongating chondroitin chains ([Fig. 2 B](#fig2){ref-type="fig"}). This analysis identifies the cortical granule components CPG-1 and CPG-2 as the first described components of the inner eggshell layer, which we will subsequently refer to as the CPG layer, and suggests that CPG-2 localizes to both the CPG layer and to the perivitelline space.

![**Chitin synthase is internalized concurrent with cortical granule exocytosis, facilitating the deposition of chitin and CPG-1/2 in sequential layers.** (A) Confocal images of a two-cell stage embryo expressing a GFP-labeled plasma membrane probe (left) and mCherry::CPG-1 (middle). (B) Confocal images of two-cell stage control (top) and *sqv-5(RNAi)* (bottom) embryos expressing a GFP-labeled plasma membrane probe (left) and mCherry::CPG-2 (middle). (C) Time-lapse confocal images of a one-cell stage embryo expressing GFP::CHS-1 (left) and mCherry::CPG-2 (middle). Times are minutes and seconds after anaphase I. Embryo anterior is on the left. (D) Higher magnification view of the anterior of embryo in C. (E) Confocal images of two control (left) and two *cpg-1/2(RNAi)* (right) embryos expressing GFP::CHS-1. Times are minutes and seconds past anaphase I, when CHS-1 normally starts to internalize from the plasma membrane into subcortical puncta. Boxed regions are magnified below. Schematics highlight GFP::CHS-1 localization. By 2 min after anaphase I, the majority of GFP::CHS-1 in control embryos has been internalized into puncta (red spheres). In *cpg-1/2(RNAi)* embryos at a later time point, ∼4 min after anaphase I, some GFP::CHS-1 have internalized into puncta, but some also remain associated with the plasma membrane (red line). Bars, 10 µm. *n* = number of imaged embryos.](JCB_201206008_Fig2){#fig2}

To understand how chitin and CPG-1/2 are restricted to the middle and inner layers, respectively, we imaged embryos coexpressing mCherry::CPG-2 and a GFP fusion with the chitin synthase CHS-1 ([@bib29]), a multipass transmembrane protein that secretes chitin into the extracellular space. Release of mCherry::CPG-2 at anaphase of meiosis I ([Fig. 2, C and D](#fig2){ref-type="fig"}; and [Video 3](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp5}) was temporally coupled to the previously described internalization of GFP::CHS-1 ([@bib29]; [@bib47]). CPG-1/2 depletion delayed GFP::CHS-1 internalization ([Fig. 2 E](#fig2){ref-type="fig"}) and led to formation of a chitin layer that is ∼1.6-fold thicker than controls ([Fig. 3 C](#fig3){ref-type="fig"}). We conclude that temporal coupling of chitin synthase internalization to cortical granule release may contribute to establishing the sharp boundary between the middle chitin and inner CPG eggshell layers.

![**Formation of the inner CPG layer requires prior deposition of the chitin layer.** (A, top) Immunofluorescence images of embryos stained with a chitin-binding probe (white) and for DNA. (bottom) Confocal images of embryos expressing mCherry::CPG-1. (B) Confocal images of *cpg-1/2(RNAi)* (top; *n* = 23) and *chs-1(RNAi)* (bottom; *n* = 26) embryos expressing a GFP-labeled plasma membrane probe and mCherry::histone H2B. Locations where the plasma membrane is able to separate from the eggshell (scallops; yellow arrows), a failed attempt at cytokinesis (white arrow) and a point where the eggshell lost integrity (rupture; white arrowheads) are marked. Times are minutes and seconds after the first frame. (C) Transmission electron micrographs of high-pressure frozen embryos. (right) Pseudocolored micrographs illustrate the location of the vitelline, chitin, and CPG layers. The mitotic control image is reproduced from [Fig. 1 A](#fig1){ref-type="fig"} for comparison. Bars: (A and B) 10 µm; (C) 200 nm. *n* = number of imaged embryos.](JCB_201206008_Fig3){#fig3}

Formation of the inner CPG layer requires prior deposition of the chitin layer
------------------------------------------------------------------------------

As anticipated based on their sequential deposition, chitin deposition did not require CPG-1/2 ([Fig. 3 A](#fig3){ref-type="fig"}). In the converse experiment, mCherry::CPG-1 was not deposited in the eggshell when chitin synthesis was inhibited ([Fig. 3 A](#fig3){ref-type="fig"}). This result suggests that the chitin layer scaffolds assembly of the CPG layer, potentially through interactions between chitin and the chitin-binding domains of CPG-1/2. Consistent with chitin layer assembly being upstream of CPG-1/2 deposition, inhibition of CPG-1/2 resulted in a less severe phenotype than inhibition of chitin synthase. Even when dissected into osmotic support medium, *cpg-1/2(RNAi)* embryos were swollen within the eggshell, with their plasma membranes adhered to the inside of the shell ([Fig. 3 B](#fig3){ref-type="fig"}). *cpg-1/2(RNAi)* embryos had a scalloped appearance because the plasma membrane detached from the shell in small regions to generate pockets of perivitelline space ([Video 4](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp6}). When chitin synthesis was inhibited through CHS-1 depletion, scallops were also observed. In addition, the eggshells frequently ruptured, causing the embryo to extrude out of the shell ([Fig. 3 B](#fig3){ref-type="fig"} and see [Fig. 6 C](#fig6){ref-type="fig"} and [Video 5](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp7}). We conclude that the chitin and CPG layers assemble in a hierarchical fashion. Chitin layer deposition is required for the subsequent assembly of the CPG layer and for the mechanical integrity of the eggshell.

CPG-1/2 are required for the formation of the inner CPG layer
-------------------------------------------------------------

In electron micrographs of early embryos, fixed by high-pressure freezing at time points between fertilization and anaphase of meiosis I, a chitin layer was present between the vitelline layer and the embryo plasma membrane, but there was no CPG layer or perivitelline space. In later mitotically dividing embryos, the trilaminar eggshell was complete, and the perivitelline space was present ([Fig. 3 C](#fig3){ref-type="fig"}). In mitotic *cpg-1/2(RNAi)* embryos, the majority (∼80%) of the embryo plasma membrane was immediately juxtaposed to the chitin layer as in control embryos fixed before anaphase I. The chitin layer was thicker than in controls (131 ± 25 nm SD in *cpg-1/2(RNAi)*, *n* = 56 fields, and *n* = 8 embryos; vs. 80 ± 16 nm in wild type, *n* = 30 fields, and *n* = 6 embryos), and there was no intervening inner layer or perivitelline space. However, within the scallops, which covered ∼20% (20.5 ± 13% SD, *n* = 6 embryos) of the embryo surface, an inner layer was present ([Fig. 3 C](#fig3){ref-type="fig"}). We suspect that this partial inner layer is caused by residual CPG-1/2. We conclude that CPG-1/2 are required for formation of the CPG layer and that the CPG layer is in turn required to detach the plasma membrane from the chitin layer and open up the perivitelline space.

Formation of a permeability barrier requires passage through anaphase of meiosis II
-----------------------------------------------------------------------------------

Nematode eggshells contain a permeability barrier virtually unrivaled in the animal kingdom that limits the diffusion of water and small molecular weight solutes, while still allowing for gas exchange ([@bib11]; [@bib14]; [@bib1]). The inner layer of the trilaminar shell has been proposed to be the permeability barrier. Consistent with this idea, inhibition of chitin synthase or CPG-1/2 results in permeable embryos that take up FM4-64 dye ([@bib21]). FM4-64 is excluded by intact eggshells but passes through permeable eggshells and fluoresces upon binding to the plasma membrane ([Fig. 4 A](#fig4){ref-type="fig"}). To determine when the permeability barrier forms, we monitored the ability of embryos at different developmental stages to take up FM4-64 dye. Because the inner CPG layer is deposited during anaphase of meiosis I, we anticipated that the permeability barrier would be formed at this time. Contrary to this expectation, embryos remained permeable for ∼14 min past anaphase of meiosis I and only became impermeable at anaphase of meiosis II ([Fig. 4 B](#fig4){ref-type="fig"}). These data suggested two possibilities: (1) cortical granule cargoes form the permeability barrier, but the barrier takes ∼14 min to mature after exocytosis, or (2) formation of the permeability barrier is a distinct event that requires passage through anaphase of meiosis II. To distinguish between these possibilities, we artificially extended the time interval between anaphase of meiosis I and II. Embryos depleted of the CUL-2 E3 ubiquitin ligase progress normally through anaphase of meiosis I and release cortical granule cargo ([Fig. 4 C](#fig4){ref-type="fig"}) but then enter a prolonged metaphase II, which extends the time interval between anaphase of meiosis I and II from 14 min to ∼50 min ([@bib27]; [@bib46]). CUL-2 depletion led to a delay in permeability barrier formation comparable with the delay induced in onset of anaphase of meiosis II ([Fig. 4 D](#fig4){ref-type="fig"}). We conclude that permeability barrier formation represents a previously unappreciated distinct step that requires passage through anaphase of meiosis II.

![**Formation of a functional permeability barrier requires passage through anaphase of meiosis II.** (A) Confocal images of control (*n* = 12), *chs-1(RNAi)* (*n* = 18), and *cpg-1/2(RNAi)* (*n* = 18) embryos expressing a GFP-labeled plasma membrane probe and mCherry::histone H2B (red) that were dissected into FM4-64 dye (illustrated in schematics). (B) Embryos expressing GFP::histone H2B (green) were dissected in FM4-64 dye at different stages between anaphase of meiosis I and anaphase of the first mitotic division. Arrow positions indicate the times when that embryo was exposed to dye, and the color indicates whether it was permeable. White arrows highlight weak FM4-64 staining of the plasma membrane in a partially permeable embryo. (C) Time-lapse confocal images of a *cul-2(RNAi)* embryo expressing mCherry::CPG-2 and GFP::histone H2B (*n* = 19). Times are minutes and seconds past anaphase I. (D) Control (top; *n* = 8) and *cul-2(RNAi)* (bottom; *n* = 44) embryos expressing GFP::histone H2B and GFP::γ-tubulin were exposed to FM4-64 dye at different stages to assess eggshell permeability. Arrow positions indicate the time when that embryo was exposed to dye, and the color indicates permeability status. Embryos observed during this experiment whose temporal staging was imprecise are represented by the green and red striped region of the timeline rather than arrows (21 permeable, 2 partially permeable, and 11 impermeable embryos). Bars, 10 µm.](JCB_201206008_Fig4){#fig4}

The permeability barrier is a distinct envelope that assembles between the embryo plasma membrane and trilaminar eggshell
-------------------------------------------------------------------------------------------------------------------------

The fact that the permeability layer forms during anaphase II, whereas cortical granule exocytosis occurs at anaphase I, raised the possibility that the permeability barrier and the cortical granule-derived inner eggshell layer are not the same structure. To visualize the location of the permeability barrier, we incubated embryos in solutions containing two different fluorescent small molecules, Oregon green phalloidin (molecular mass = 1,300 D) or fluorescein (molecular mass = 389 D). In both cases, the dye penetrated into the perivitelline space but, in many regions, was observed to stop short of the embryo surface ([Fig. 5 A](#fig5){ref-type="fig"}, yellow arrows). This analysis suggested that the permeability barrier is a separate structure that lies between the inner layer of the eggshell and the embryo plasma membrane. mCherry::CPG-2, which is extruded into the perivitelline space at anaphase of meiosis I, was confined to the portion of the perivitelline space outside the permeability barrier, making it an excellent marker for barrier location ([Fig. 5 B](#fig5){ref-type="fig"}). The permeability barrier could also be visualized in high contrast differential interference contrast (DIC) images ([Fig. 5 B](#fig5){ref-type="fig"}).

![**The permeability barrier is a distinct envelope that forms between the embryo surface and trilaminar eggshell.** (A) Embryos placed in Oregon green (OG) phalloidin (left; *n* = 14), fluorescein (middle; *n* = 7), or 3,000-D fluorescein dextran (right; *n* = 10) were imaged by differential interference contrast (DIC; top row) and fluorescence (middle row; green in merge) microscopy. Magnified views of the embryo anterior are shown on the right (yellow dashed lines mark the embryo plasma membrane; yellow arrows point to the edge of the permeability barrier). (B) DIC (top) and fluorescence (middle; red in merge) images of a one cell--stage mitotic embryo expressing mCherry::CPG-2 (*n* = 9). The embryo anterior is magnified on the right. The contrast of the top DIC image has been adjusted to visualize the edge of the permeability barrier (indicated by the black arrows in the merge). (C, left) A fluorescence image of CPG-2 was acquired immediately before cryoimmobilization and processing for transmission electron microscopy (*n* = 3). (middle) Alignment of the resulting correlative transmission electron micrograph (TEM) image allows visualization of the edge of the permeability barrier (red arrowheads). (right) A pseudocolored micrograph illustrates the location of the chitin and CPG eggshell layers along with the edge of the permeability barrier. The periembryonic and perivitelline spaces and the first polar body are also labeled. (D) Transmission electron micrographs of a control embryo showing the location of the polar bodies extruded during anaphase of meiosis I (embedded in the CPG layer; see also C) and during anaphase of meiosis II (in the periembryonic space). (E) Merged DIC and fluorescence images of the anterior of an embryo at the two-cell stage expressing mCherry::CPG-2. Green lines mark the location of the permeability barrier. Time indicates minutes and seconds past the first frame. (F) DIC and confocal fluorescence images of control (*n* = 12) and partial *kca-1(RNAi)* (*n* = 12) embryos expressing mCherry::CPG-2. (middle row) Embryos were also exposed to FITC dye to monitor the integrity of the permeability barrier (green lines). The embryo surface is also marked (dashed yellow lines). (G) Confocal fluorescence images of control (left) and partial *kca-1(RNAi)* (right) embryos expressing mCherry::CPG-2. The mCherry::CPG-2 in the perivitelline (left) or periembryonic (right) spaces was photobleached (red circle inside dashed white box, magnified on the left) at 0 s, and the embryo was continuously imaged every 1 or 2 s (left and right, respectively) to monitor recovery (quantified in graphs below). Bars: (A--C \[left\], E, and G) 10 µm; (C \[middle and right\], D, and F) 1 µm.](JCB_201206008_Fig5){#fig5}

To identify a structure corresponding to the permeability barrier at the ultrastructural level, we performed correlative light and electron microscopy on embryos expressing mCherry::CPG-2. Fluorescence images of mCherry::CPG-2 were collected, and the embryo was immediately high-pressure frozen and processed for electron microscopy ([@bib37]). Comparison of the fluorescence and electron microscopy images revealed that the boundary of mCherry::CPG-2 diffusion correlated with a structural boundary that partitioned space between the embryo surface and eggshell into two regions ([Fig. 5 C](#fig5){ref-type="fig"}). We propose naming the region between the embryo plasma membrane and the permeability barrier the "periembryonic space" to distinguish it from the perivitelline space between the permeability barrier and eggshell ([Fig. 5 C](#fig5){ref-type="fig"}). Consistent with its formation at anaphase of meiosis II, the permeability barrier encased the second polar body but not the first ([Fig. 5 D](#fig5){ref-type="fig"}). Live imaging of embryos expressing mCherry::CPG-2 revealed that the permeability barrier is more malleable than the eggshell. However, the permeability barrier does not always conform to the surface of the embryo. For example, when the embryo changes shape during cytokinesis, the furrow pulls away from the permeability barrier, which behaves like a tightly drawn blanket encasing the embryo ([Fig. 5 E](#fig5){ref-type="fig"} and [Video 6](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp8}).

To compare the properties of the periembryonic and perivitelline spaces, we analyzed the diffusion of mCherry::CPG-2. To deliver mCherry::CPG-2 to the periembryonic space where it is normally not present, we depleted KCA-1, a kinesin cargo adaptor, whose depletion leads to a partially penetrant permeable eggshell phenotype ([@bib8]). In *kca-1(RNAi)* embryos, targeting of cortical granules to the cell surface is impaired ([Video 7](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp9}), causing some granules to be exocytosed at anaphase of meiosis I but a small fraction to be exocytosed after formation of the permeability barrier at anaphase II. We used partial *kca-1(RNAi)* to deliver some mCherry::CPG-2 to the periembryonic space while retaining the integrity of the permeability barrier ([Fig. 5 F](#fig5){ref-type="fig"}, area between green and yellow lines). FRAP analysis revealed that mCherry::CPG-2 in the periembryonic space recovered with similar kinetics to mCherry::CPG-2 in the perivitelline space (*t*~1/2~ = 8 ± 2.6 s SD, *n* = 7; vs. *t*~1/2~ = 8 ± 1.8 s, *n* = 10; [Figs. 5 G](#fig5){ref-type="fig"} and S2), suggesting that both are fluid-filled spaces with similar properties. These results show that although mCherry::CPG-2 cannot diffuse past the permeability barrier from the perivitelline space, it can diffuse freely inside the periembryonic space if delivered from the inside of the embryo. We conclude that the permeability barrier is a thin impenetrable envelope that partitions the space between the eggshell and the plasma membrane when it forms at anaphase of meiosis II.

Genes involved in fatty acid synthesis are required to form the permeability barrier
------------------------------------------------------------------------------------

Depletion of enzymes required for fatty acid biosynthesis and modification, including POD-2 (acetyl-CoA carboxylase), FASN-1 (fatty acid synthase), EMB-8 (NADPH-cytochrome P450 reductase), and CYP-31A2/CYP-31A3 (cytochrome P450s; [Fig. 6 A](#fig6){ref-type="fig"}) have been shown to result in the Pod (polarity and osmotic defective) phenotype and have been proposed to be required for assembly of the inner eggshell layer ([@bib48]; [@bib40]; [@bib5]). Given our finding that the inner eggshell layer is not the permeability barrier, we hypothesized that depletion of these genes affects formation of the permeability barrier rather than of the inner eggshell layer. Consistent with this idea, depletion of fatty acid biosynthetic/modification enzymes did not affect chitin or mCherry::CPG-1 localization ([Fig. 6 B](#fig6){ref-type="fig"}), and no membrane scalloping or eggshell rupture phenotypes associated with defects in the chitin and inner eggshell layers were observed ([Fig. 6 C](#fig6){ref-type="fig"}). In contrast, when fatty acid enzymes were inhibited, the permeability barrier was compromised---FM4-64 dye bound the plasma membrane and mCherry::CPG-2 freely diffused within the entire space between the eggshell and the plasma membrane ([Fig. 6 B](#fig6){ref-type="fig"}). Thus, the fatty acid biosynthetic pathway is required for formation of the permeability barrier in a step that occurs after the assembly of the trilaminar eggshell.

![**Genes involved in fatty acid synthesis are required to form the permeability barrier.** (A) Schematic outline of some of the genes in the fatty acid biosynthetic and modification pathway. CYP, Cytochrome P450. (B) Confocal images of control embryos and embryos in which the indicated proteins were inhibited by RNAi. (first column) The middle chitin layer was visualized in fixed embryos by staining for chitin and DNA. White asterisks mark extruded polar bodies. (second column) The inner CPG layer was visualized in embryos expressing mCherry::CPG-1. (third column) The presence of the permeability barrier was assessed in embryos expressing mCherry::CPG-2 and a GFP-tagged plasma membrane marker. In control embryos, the permeability barrier prevents diffusion of mCherry::CPG-2 to the embryo surface (open arrowhead). When fatty acid synthesis is inhibited, the permeability barrier is disrupted, and mCherry::CPG-2 fills the entire space between the eggshell and embryo surface (closed arrowheads). (last column) Embryos expressing a GFP-tagged plasma membrane probe were placed in FM4-64 dye to test their permeability. (C) The phenotypic consequences of disrupting the eggshell permeability barrier (*cyp-31A2/3(RNAi)*), the inner CPG layer (*cpg-1/2(RNAi)*), and the middle chitin layer (*chs-1(RNAi)*) were compared by analyzing the percentage of embryos exhibiting each of the indicated phenotypes. Data were pooled from \>10 independent imaging sessions for each condition. Plasma membrane adhesion (yellow arrows) was also usually accompanied by cytokinesis failure (59% of *cpg-1/2(RNAi)* embryos failed cytokinesis). In addition to the quantified phenotypes, chitin layer disruption also led to polyspermy (24% of *chs-1(RNAi)* embryos were polyspermic). The images of embryos illustrating membrane adhesion and eggshell rupture (white arrowhead) are reproduced from [Fig. 3 B](#fig3){ref-type="fig"}. The left image is of an embryo expressing a GFP-tagged plasma membrane marker and mCherry::histone H2B (red) that was placed in FM4-64 dye. Bars, 10 µm. *n* = number of imaged embryos.](JCB_201206008_Fig6){#fig6}

To determine whether the fatty acids used in eggshell formation are synthesized in the germline or whether the germline imports fatty acids synthesized in another tissue, such as the intestine, we performed RNAi in *rrf-1(pk1417)* mutant worms in which germline RNAi is intact, but somatic RNAi is defective. For all genes tested, embryos failed to form a permeability barrier when RNAi was only effective in the germline ([Fig. 7](#fig7){ref-type="fig"}), indicating that the fatty acid derivatives comprising the permeability barrier are synthesized by germline-expressed enzymes.

![**Permeability barrier formation requires germline expression of fatty acid synthesis genes**. Confocal images of control embryos and embryos in which the indicated components of the fatty acid biosynthesis pathway were inhibited by RNAi in either an *rrf-1(+)* (left) or *rrf-1(pk1417)* mutant background (right). Embryos expressing a GFP-tagged plasma membrane probe and mCherry::histone H2B (red) were placed in FM4-64 dye. All RNAi-treated embryos were permeable in the *rrf-1(pk1417)* background, indicating that germline expression of these genes is required. *n* = number of imaged embryos. Bars, 10 µm.](JCB_201206008_Fig7){#fig7}

A requirement for PERM-1 and DGTR-1 suggests that the fatty acid required for permeability barrier formation is an ascaroside
-----------------------------------------------------------------------------------------------------------------------------

We recently performed an RNAi screen for genes involved in *C. elegans* eggshell assembly ([@bib8]) that implicated two previously uncharacterized genes, *perm-1* (permeable eggshell) and *dgtr-1* (*DG*A*T* related), as important for assembly of an impermeable eggshell. Using the aforementioned assays, we determined which step of eggshell assembly is affected by inhibition of PERM-1 or DGTR-1. This analysis revealed that depletion of PERM-1 or DGTR-1 phenocopies inhibition of the fatty acid synthesis genes. Depleted embryos showed normal localization of the chitin probe and mCherry::CPG-1, but the permeability barrier was compromised ([Fig. 8 A](#fig8){ref-type="fig"}). PERM-1 and DGTR-1 are required in the germline, similar to the fatty acid genes ([Fig. 8 B](#fig8){ref-type="fig"}). Primary sequence analysis of PERM-1 revealed homology to dehydratase, NAD binding, nucleotide sugar epimerase, and dehydrorhamnose reductase protein domains ([Fig. 8 C](#fig8){ref-type="fig"}), all of which would be required to generate the nucleotide sugar cytidine diphosphate (CDP)-ascarylose from a CDP-glucose precursor ([@bib50]). Ascarylose is a rare dideoxy sugar found in ascaroside glycolipids, which are comprised of one or two ascarylose sugars covalently attached to a long-chain fatty acid--like molecule ([Fig. 8 D](#fig8){ref-type="fig"}). Ascarosides were previously purified from the eggshells of parasitic nematode species ([@bib51]; [@bib17]; [@bib20]; [@bib49]; [@bib3]), and *C. elegans* is known to make short chain ascarosides, such as dauer pheromone, that perform signaling functions ([@bib7]; [@bib13]). DGTR-1 shows homology to the DGAT2 family of acyl-CoA:diacylglycerol acyltransferase enzymes, which catalyzes the addition of fatty acyl-CoA to diacylglycerol to form triacylglycerol. The chemical reaction catalyzed by DGAT2 is similar to that expected to covalently link ascarylose to long-chain fatty acids, suggesting that DGTR-1 may also be implicated in ascaroside biosynthesis ([Fig. 8 D](#fig8){ref-type="fig"}). The identification of the sugar-modifying enzyme PERM-1 and the acyl chain transfer enzyme DGTR-1 as important for permeability barrier formation suggests that a glycolipid, perhaps an ascaroside, is an essential component of the permeability barrier.

![**A requirement for PERM-1 and DGTR-1 suggests that an ascaroside may be important for permeability barrier formation.** (A) Confocal images of control embryos and embryos in which PERM-1 and DGTR-1 were depleted by RNAi. (first column) The middle chitin layer was visualized in fixed embryos by staining for chitin and DNA. White asterisks mark extruded polar bodies. (second column) The inner CPG layer was visualized in embryos expressing mCherry::CPG-1. (third column) The presence of the permeability barrier was assessed in embryos expressing mCherry::CPG-2 and a GFP-tagged plasma membrane marker. In control embryos, the permeability barrier prevents diffusion of mCherry::CPG-2 to the embryo surface (open arrowhead). When PERM-1 and DGTR-1 are inhibited, mCherry::CPG-2 fills the entire space between the eggshell and embryo surface (closed arrowheads). (last column) Embryos expressing a GFP-tagged plasma membrane probe were placed in FM4-64 dye to test their permeability. (B) Confocal images of embryos in which PERM-1 and DGTR-1 were inhibited by RNAi in either an *rrf-1(+)* (left column) or *rrf-1(pk1417)* mutant background (right column). Embryos expressing a GFP-tagged plasma membrane probe and mCherry::histone H2B (red) were placed in FM4-64 dye to test their permeability. For A and B, *n* = number of imaged embryos. Bars, 10 µm. (C) Schematics of PERM-1 and DGTR-1 showing the location of domains predicted by BLAST (Basic Local Alignment Search Tool). The TOPCONS program (Stockholm Bioinformatics Center) predicted both proteins to contain two transmembrane domains (2×TM). dTDP, deoxythymidine diphosphate. (D) A putative pathway for ascaroside synthesis in which activated CDP-ascarylose (left side) combines with a long-chain fatty acid--like molecule (right side) to generate ascaroside glycolipid. The reactions proposed to convert CDP-glucose into CDP-ascarylose are based on chemical reactions identified in prokaryotes ([@bib50]). Points where PERM-1 and DGTR-1 might function in this pathway are indicated.](JCB_201206008_Fig8){#fig8}

Discussion
==========

The work described here shows that the *C. elegans* zygote builds a trilaminar eggshell consisting of an outer vitelline layer that is present on the oocyte surface before fertilization, a middle chitin-containing layer that is assembled immediately after fertilization, and an inner layer containing the CPG-1/2 proteoglycans that forms concurrent with cortical granule exocytosis at anaphase of meiosis I. Assembly of the trilaminar shell is followed by a distinct step during anaphase of meiosis II that builds a malleable envelope that functions as a permeability barrier; this step requires fatty acid and carbohydrate synthesis/modification enzymes, suggesting that this internal envelope contains glycolipids. The chitin layer provides mechanical rigidity and serves as a block to polyspermy; the inner CPG layer prevents plasma membrane adhesion to the chitin layer and expands the fluid-filled perivitelline space, and the permeability barrier isolates the embryo from the environment. Collectively, the trilaminar shell and permeability barrier provide a protective environment for embryo development.

We propose the nomenclature in [Fig. 9](#fig9){ref-type="fig"} for the eggshell layers, permeability barrier, and intervening spaces. The outer vitelline layer, which covers the oocyte surface before fertilization, was originally named by [@bib16], and we favor retaining this term as it corresponds to the names for the analogous initial ECM layer in other species (vitelline layer in echinoderms, vitelline envelope in amphibians, mollusks, and crustaceans, and vitelline membrane in dipterans; [@bib53]). We propose the term chitin layer to describe the middle layer of the trilaminar shell because immunoelectron microscopy demonstrated that chitin is present in and limited to this middle layer. The innermost layer of the eggshell was previously termed the lipid-rich layer, but our data suggest that this layer is instead comprised of cortical granule cargo. We propose naming this layer the CPG layer after its essential structural components, CPG-1/2. We propose naming the impermeable barrier between the eggshell and embryo surface the permeability barrier. The space between the embryo plasma membrane and the eggshell has been previously termed the perivitelline space. As the permeability barrier partitions this space into two distinct compartments, we propose using the term perivitelline space for the region between the eggshell and the permeability barrier and the term periembryonic space for the region between the permeability barrier and embryo plasma membrane. The slightly more electron-dense region around the embryo was observed in a previous study and termed the embryonic layer ([@bib5]), as it was thought to be a layer of ECM surrounding the embryo. Our data showing that the embryo can pull away from this layer when it changes shape during cell division and analyzing the diffusion of mCherry::CPG-2 indicate that, rather than being an ECM layer, this region is a fluid-filled space containing soluble proteins that is bounded by the permeability barrier; we therefore prefer the term periembryonic space for this region. This nomenclature reflects the characteristics of each layer and provides a consistent framework for investigation of the molecular mechanisms driving assembly of the postfertilization ECM.

![**Model for assembly of the *C. elegans* eggshell and permeability barrier.** Schematic outline of sequential steps in assembly of the eggshell and permeability barrier. The plasma membrane of prefertilization oocytes is coated with an electron-dense vitelline layer. Fertilization activates chitin synthase, which deposits a chitin layer between the vitelline layer and plasma membrane. At anaphase of meiosis I, cortical granules containing CPG-1 and CPG-2 are exocytosed in a wave that proceeds from the anterior (left) to the posterior (right) of the embryo. As cortical granules are exocytosed, the CPG layer is deposited, and a perivitelline space opens up between the plasma membrane and eggshell. Chitin synthase is internalized from the embryo surface after the onset of cortical granule exocytosis. At anaphase of meiosis II, fatty acid derivatives, possibly ascarosides, assemble between the eggshell and the embryo surface to form the permeability barrier. Between the permeability barrier and the embryo surface is the periembryonic space, which receives the contents of vesicles exocytosed after anaphase of meiosis II.](JCB_201206008_Fig9){#fig9}

Chitin and the CPG-1/2 proteoglycans define the middle and inner eggshell layers
--------------------------------------------------------------------------------

CPG-1 and CPG-2 contain chitin-binding domains similar to those in the peritrophins, which form a semipermeable gelatinous mixed matrix comprised of chitin and proteoglycans that lines the insect gut ([@bib26]). Based on this precedent, we had expected that either the middle or inner eggshell layers would be a composite matrix made up of chitin and CPG-1/2. Instead, our data indicate that chitin is restricted to the middle layer, and CPG-1/2 is restricted to the inner layer. This suggests that rather than allowing formation of a mixed matrix within an eggshell layer, the chitin-binding domains in CPG-1/2 serve to recruit them to the interface between the chitin and CPG layers.

We show that CPG-1 and -2 are redundantly required for assembly of the inner eggshell layer and for separation of the chitin-containing shell from the plasma membrane to open up the perivitelline space. We propose that this occurs through binding of CPG-1/2 to the middle chitin layer, relieving adhesion between the eggshell and embryo surface. The osmotic gradient generated by the polyanionic chondroitin chains and their counterions might then drive a hydration reaction that transfers water from the embryo to the perivitelline space. Although CPG-1 anchored within the inner layer is sufficient to drive this reaction, the freely diffusible population of CPG-2 in the perivitelline space might also contribute. The proteoglycan hydration reaction we propose is similar to the reaction previously proposed to lift the vitelline layer from the plasma membrane in sea urchin embryos. In that case, cortical granules deliver glycosaminoglycans that hydrate upon release, providing hydrostatic force that lifts the rapidly expanding vitelline layer ([@bib45]; [@bib54]). This similarity suggests general conservation of the mechanisms used to drive layer separation during the formation of extracellular coverings.

The permeability barrier maintains two distinct fluid-filled microenvironments between the embryo and shell
-----------------------------------------------------------------------------------------------------------

The trilaminar shell does not block entry of small molecules but does prevent the entry/exit of larger molecules, such as 3,000-D fluorescent dextran ([Fig. 5 A](#fig5){ref-type="fig"}). The trilaminar eggshell may thus serve as a filter to prevent the entry of larger proteins/molecules from the environment or, perhaps more significantly, to allow retention of exocytosed molecules, such as CPG-2, within the perivitelline space. The more stringent permeability barrier is formed by a distinct envelope built at anaphase of meiosis II and encases the embryo. The perivitelline space contains proteins exocytosed before anaphase of meiosis II, whereas proteins exocytosed after anaphase of meiosis II are retained in the periembryonic space by the permeability barrier. The presence of two concentric fluid-filled spaces, the perivitelline space and the periembryonic space, may provide an ideally cushioned and buffered environment for embryonic development.

This view explains a previously puzzling observation that embryos depleted of POD-1, a coronin that regulates both the actin cytoskeleton and membrane trafficking, possess an extra eggshell layer adjacent to the embryo surface in electron microscopy images ([@bib39]). By imaging mCherry::CPG-2, we found that although some cortical granules were exocytosed at anaphase I in *pod-1(RNAi)* embryos, the exocytosis of other granules was delayed until after anaphase of meiosis II ([Video 8](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp10}). Thus, *pod-1(RNAi)* embryos form two CPG layers, one based on exocytosis at the normal time and the second based on exocytosis after formation of the permeability barrier.

In addition to protecting the embryo by maintaining proper osmotic conditions and preventing the entry of potentially harmful small molecules from the environment, the permeability barrier may also allow the embryo to maintain secreted molecules that signal between embryonic cells in close proximity. This could explain in part why disrupting the eggshell permeability barrier ultimately prevents normal development ([@bib44]; [@bib25]; [@bib8]).

The composition of the permeability barrier
-------------------------------------------

Our work implicates enzymes required for fatty acid synthesis, sugar modification, and acyl chain transfer in the formation of the permeability barrier, suggesting that a key component of this layer may be a glycolipid. Consistent with this, early observations in *Parascaris equorum* demonstrated that the permeability barrier was composed of a fatty material with a melting point of 72°C ([@bib15]). The fatty component was later extracted from *Ascaris lumbricoides* and *Meloidogyne javanica* and found to be very similar in properties to beeswax ([@bib10]; [@bib11]; [@bib51]). Subsequent biochemical characterization identified ascarosides, long-chain fatty acids with a head group containing one or two ascarylose sugars, as the major lipid component of the permeability barrier in *A. lumbricoides* species ([@bib51]; [@bib17]; [@bib20]; [@bib49]; [@bib3]). Although the lipids that make up the *C. elegans* permeability barrier have not yet been characterized, ascarosides remain attractive candidates. *C. elegans* is known to make ascarosides with fatty acid chains of varying lengths. Short fatty acid chain ascarosides act as pheromones that promote mating and the dauer state ([@bib7]; [@bib13]). A recent study reported the isolation of two long-chain ascarosides from *C. elegans* but did not find a role for these lipids in eggshell impermeability or dauer formation ([@bib55]). The enzymatic machinery specifically required for ascaroside biosynthesis is largely uncharacterized. We recently performed a functional screen that identified components required for embryo impermeability ([@bib8]). Among the components identified by this screen were PERM-1 and DGTR-1. The analysis we perform here specifically implicates these enzymes in formation of the permeability barrier, and their domain structure strongly suggests a potential function in the ascaroside synthesis pathway.

In addition to its molecular composition, a second important question is how the permeability barrier is formed. The permeability barrier forms after the trilaminar shell, presumably by secretion of lipids from the embryo. Lipids could accumulate on a protein scaffold on the inner eggshell layer and then peel off to form a separate layer, or they could accumulate on a protein scaffold on the embryo surface and subsequently lift up to form a separate layer. The observation that CPG-2 remains strictly outside of the permeability barrier after it forms causes us to favor the latter view because CPG-2 is exocytosed before permeability barrier formation and diffuses freely within the perivitelline space.

Placing the new view of eggshell and permeability barrier formation in a historical context
-------------------------------------------------------------------------------------------

Investigation of the nematode eggshell has a rich history dating back to 1850. Light microscopy-based experiments of the eggshells of \>40 nematode species conducted between 1850 and 1950 are summarized in a chapter by [@bib11] in the classical book "An Introduction to Nematology." These early observations partitioned the nematode eggshell into two key parts, a chitin-containing "true shell" that conferred mechanical rigidity ([@bib24]; [@bib10]; [@bib11]) and an inner curtainlike layer termed the vitelline membrane that constituted the eggshell permeability barrier ([@bib11]). Concurrent with the use of electron microscopy to characterize nematode eggshells in a variety of species, this bipartite view was replaced with the idea of a single trilaminar shell composed of an outer vitelline layer (distinct from the vitelline membrane in the original view), a middle chitin layer, and an inner lipid-rich layer (also called the ascaroside layer; [@bib41]; [@bib16]; [@bib6]; [@bib52]). In this modern view, the permeability barrier was the inner layer of the trilaminar shell, rather than a distinct membrane between the eggshell and the embryo surface ([@bib52]; [@bib28]; [@bib39]; [@bib4]; [@bib5]).

Our results using correlative light and electron microscopy demonstrate that the permeability barrier is not the inner layer of the trilaminar shell but a separate envelope akin to the vitelline membrane described in the older work. We show that fatty acid synthesis/modification enzymes are required for formation of the permeability barrier, suggesting that the permeability barrier, rather than the inner layer of the trilaminar shell, contains lipids. The idea of a separate vitelline membrane was lost coincident with the advent of studies examining the eggshell by electron microscopy ([@bib41]; [@bib16]; [@bib6]; [@bib52]), likely caused by the difficulty in preserving and identifying this structure in chemically preserved specimens. The large body of work on nematode eggshells highlights intriguing similarities in eggshell formation across nematode species, suggesting that dissecting eggshell formation in *C. elegans* will provide insights that will be useful in combating parasitic species.

Materials and methods
=====================

*C. elegans* strains
--------------------

All strains (genotypes listed in [Table S1](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp11}) were maintained at 20°C. The *cpg-1* and *cpg-2* deletion mutants were outcrossed 6× before analysis and marker introduction. The strains OD58 (GFP plasma membrane marker; [@bib2]), TH32 (GFP::histone H2B and GFP::γ-tubulin; [@bib12]), AZ212 (GFP::histone H2B; [@bib38]), and AD265 (GFP::CHS-1; [@bib29]) have been described previously. MSN-100 (GFP::CAV-1), which is similar to the strain originally described in [@bib42], was a gift of A. Audhya (University of Wisconsin, Madison, WI). Fluorescent proteins were expressed from the *pie-1* promoter and 3′ untranslated region regulatory elements. Some nematode strains used in this work were provided by the Caenorhabditis Genetics Center, which is funded by the National Institutes of Health National Center for Research Resources.

Plasmids and transgenic strains
-------------------------------

N-terminal mCherry expression constructs were engineered starting from pIC26 ([@bib9]). The *pie-1* 5′ and 3′ regulatory information and GFP coding sequence were removed by digesting pIC26 with NotI, religating, then digesting with BamHI and KpnI, and religating after blunting with the Klenow large fragment (New England Biolabs, Inc.). mCherry preceded by the CPG-1 signal peptide sequence was introduced by using the primer pairs 5′-GCGGCCGCGG­TACCACTCTCA­AGCCAGTTCTT­CTTGCATTCCT­TGTTGCATCGG­CCTACGCAATG­GTCTCAAAGGG­TGAAGAAGAT-3′ and 5′-GCGGCCGCCT­TATACAATTCA­TCCATGCCACC-3′ to amplify mCherry from pAA65 ([@bib30]) and cloning this into the NotI site to generate plasmid pSO22. The plasmids pSO31 and pSO33, which encode mCherry::CPG-1 (5′-GGTACCGAAT­TTCAACCTTCA­TGCTCGAACTT­ATTCG-3′, 5′-GGTACCCATC­CTACTGAAAAT­AGAAATTCAAT­AGGGT-3′, 5′-ACTAGTGGTG­TAGCTGGAATG­TATGAGAATCT­GCCA-3′, and 5′-ACTAGTCTCC­ATCCACACAAA­AATCACCAGCTG-3′) and mCherry::CPG-2 (5′-GGTACCGTGC­CTCATGAACTT­TCGGCATCA-3′, 5′-GGTACCCATC­CTCCTGAAATA­AAGATCTTTAA­GAAAAGAGAACAA-3′, 5′-ACTAGTCAGT­TCCTTCAAGAC­TGTACAAACGC-3′, and 5′-ACTAGTGGGT­CGCAATTGAGG­CTTTTACCACTC-3′), respectively, were generated by using the primer pairs in parentheses to amplify the promoters and ORFs/3′ untranslated regions from genomic DNA and cloning into the KpnI and SpeI sites of pSO22. The SpeI site in the *cpg-1* promoter was mutated from ACTAGT to ACTAGG before cloning using the mutagenesis kit (QuikChange II; Agilent Technologies).

Transgenic lines were created by microparticle bombardment of pSO31 and pSO33 ([@bib38]). For each bombardment, 6 mg of 2.0-µm gold beads were placed in a siliconized 1.5-ml microfuge tube. Beads were sequentially washed with 1 ml of 70% ethanol and 1 ml double-distilled H~2~O. For each wash, the beads were vortexed for 5 min, allowed to settle for 1 min, and spun in a microfuge for ∼5 s before removing the supernatant. Beads were resuspended in 100 µl of 50% glycerol and vortexed for 5 min. 10 µl plasmid DNA at a concentration of 1--2 mg/ml was added, and the tube was vortexed for 60 s. 100 µl of 2.5-M CaCl~2~ was added, and the tube was vortexed for 60 s. 40 µl of 0.1-M spermidine was added, and the tube was vortexed for 3 min. Beads were settled for 1 min and spun in a minimicrofuge for ∼5 s, and the supernatant was removed. 300 µl of 70% ethanol was added, the beads were vortexed for 1 min, settled for 1 min, and spun in a microfuge for ∼5 s, and the supernatant was removed. 150 µl of 100% ethanol was added, and the beads were vortexed for 3 min before placing 20 µl of beads onto the center of macrocarriers (Bio-Rad Laboratories). After the solution had dried, macrocarriers were placed into an adapter (Hepta; Bio-Rad Laboratories) and used to bombard pellets of DP38 worms on a 100-mm worm plate according to the manufacturer's instructions. DP38 worms were grown on 100-mm C600/peptone plates until just starved. Worms were washed in M9, resuspended in 1 ml M9, pipetted onto spots on a 100-mm worm plate aligned with the Hepta adapter, and allowed to dry until the liquid was just absorbed. Worms rescued from paralysis because of the presence of the *unc-119(+)*--rescuing fragment in the plasmids were screened for expression of the fluorescence construct.

Antibody production
-------------------

To generate antibodies to CPG-1 (5′-GAATTCGACT­GTTCCACGAAG­GAAGACGGAC-3′ and 5′-GCGGCCGCAT­TCGTGCACTCT­GGAACATTCAT­AACG-3′) and CPG-2 (5′-GAATTCGAGCCAACATGCGAAGGAAAAGC-3′ and 5′-GCGGCCGCTT­GGCATTCGGAA­ACATTGGACTCG-3′), the primer pairs in parentheses were used to amplify regions corresponding to amino acids 60--268 of CPG-1 and 244--360 of CPG-2 from *C. elegans* cDNA. Fragments were cloned into the EcoRI and NotI sites of pGEX6P-1 (GE Healthcare). GST fusions were purified, and the GST was removed using a fusion protein (PreScission Protease; GE Healthcare) before outsourcing the proteins for injection into rabbits (Robert Sargeant Antibodies). Antibodies were purified using standard procedures ([@bib19]) on a 1-ml *N*-hydroxysuccinimide HiTrap column (GE Healthcare) containing the immobilized GST fusions. The antibody raised against CPG-1 (Ab153) recognizes both CPG-1 and CPG-2, whereas the antibody raised against CPG-2 (Ab154) specifically recognizes CPG-2 (Fig. S1 A).

Immunofluorescence
------------------

Immunofluorescence was performed as previously described ([@bib31]) with the following modifications. Embryos and gonads were dissected onto subbing solution-coated glass slides in 0.75× egg salts (88.5 mM NaCl, 30 mM KCl, 2.55 mM MgCl~2~, 2.55 mM CaCl~2~, and 3.75 mM Hepes, pH 7.4), freeze cracked, and fixed in −20°C methanol for 15 min. Slides were processed for immunofluorescence using a 1:100 dilution of rhodamine-conjugated chitin-binding probe (New England Biolabs, Inc.) or 1 µg/ml each of primary antibody (Ab153 or Ab154) followed by 1 µg/ml Cy3-labeled secondary antibody. DNA was stained with 1 µg/ml Hoechst. Images were acquired using a 100×, 1.35 NA U-Plan Apochromat oil objective lens (Olympus) and charge-coupled device (CCD) camera (CoolSNAP; Roper Scientific) mounted on a microscope (DeltaVision; Applied Precision). Deconvolution and image processing was performed with softWoRx software (Applied Precision). DNA and gonad images are projections of multiple 2-µm z sections, whereas eggshell images are of a central plane.

RNA-mediated interference
-------------------------

Double-stranded RNAs (dsRNAs) were prepared by using the oligonucleotides listed in [Table S2](http://www.jcb.org/cgi/content/full/jcb.201206008/DC1){#supp12} to PCR amplify regions from N2 genomic DNA. PCR reactions were cleaned (QIAGEN) and used as templates for 50 µl T3 and T7 transcription reactions (MEGAscript; Invitrogen). Transcription products were mixed, purified by phenol-chloroform extraction, and annealed by resuspending the RNA pellet in soaking buffer (11 mM Na~2~HPO~4~, 5.5 mM KH~2~PO~4~, 2.1 mM NaCl, and 4.7 mM NH~4~Cl) and incubating at 68°C for 10 min followed by 37°C for 30 min ([@bib35]; [@bib18]). L4-stage hermaphrodites were injected with dsRNA and incubated for 6--48 h at 16--20°C before live imaging.

Live imaging
------------

Embryos were dissected in 4 µl of 0.7--0.8× egg salts (empirically determined daily; [@bib48]) to provide osmotic support and filmed without compression on a 24 × 60--mm coverslip mounted on a metal holder ([@bib31]). For permeability experiments, FM4-64 was added to the medium at a final concentration of 3.3--6.6 µM. To prevent compression, a ring of Vaseline was placed around the embryos, and the chamber was sealed with a 22 × 22--mm coverslip. Alternatively, for the *cul-2(RNAi)* experiment ([Fig. 4 D](#fig4){ref-type="fig"}), embryos were dissected and filmed in a microfluidics chamber ([@bib8]). Embryos were imaged on one of three microscope systems: (1) an inverted spinning-disc confocal microscope (TE2000-E; Nikon) equipped with a solid-state laser combiner (ALC; Andor Technology) and CCD camera (Clara; Andor Technology) controlled by iQ software (Andor Technology) with 2 × 2 binning, (2) an inverted spinning-disc confocal microscope (Observer.Z1; Carl Zeiss) equipped with a CCD camera (QuantEM; Photometrics) without binning, or (3) a upright microscope (Eclipse E800; Nikon) equipped with a CCD camera (ORCA-ER; Hamamatsu Photonics) controlled by MetaMorph software (Molecular Devices) without binning. In all cases, images were acquired of a single central plane with a 60×, 1.4 NA Plan Apochromat objective lens and were analyzed with either MetaMorph or ImageJ (National Institutes of Health) software.

FRAP
----

Photobleaching was performed using a FRAPPA module (Andor Technology) on the spinning-disc microscope (TE2000-E) described in the previous section. Embryos were photobleached for 3× 1-s intervals and followed for 15 min (mCherry::CPG-1) or 2 min (mCherry::CPG-2) after bleaching to monitor fluorescence recovery. For each time point, the total fluorescence was measured in equal area circles in bleached and nonbleached (control) regions of the eggshell (mCherry::CPG-1) or perivitelline space (mCherry::CPG-2). Background fluorescence was the mean fluorescence intensity of an equal-sized area in the embryo interior over the three frames immediately before photobleaching and was subtracted from the values for each time point. Fraction of initial fluorescence was calculated by dividing the total fluorescence intensity at a given time point by the mean total fluorescence intensity of the three time points immediately preceding the photobleach.

High-pressure freezing and electron microscopy
----------------------------------------------

Whole worms or isolated early embryos were cryoimmobilized using a high-pressure freezer with rapid transfer system (EMPACT2; Leica). For optimal morphology, samples were freeze substituted at −90°C for 20 h in anhydrous acetone containing 1% osmium tetroxide and 0.1% uranyl acetate. The temperature was progressively raised to room temperature over 22 h in an automatic freeze substitution machine (EM AFS; Leica), and samples were embedded in thin, optically clear layers of Epon/Araldite resin. For this, samples were evenly distributed on microscope slides coated with Teflon (MS-122DF; Miller Stephenson Chemical Co.). A second coated microscope slide was placed on top, and this "sandwich" was polymerized at 60°C for 2 d ([@bib32], [@bib33]). The top glass slide was removed for ultramicrotomy. For immunolabeling, specimens were freeze substituted in 0.2% glutaraldehyde and 0.1% uranyl acetate and embedded in LR white ([@bib32]). A microscope slide was coated with Teflon, and a piece of a 22-mm square (Thermanox; Thermo Fisher Scientific) from which an 18-mm square had been removed from the center was glued to the slide with a Krazy Glue pen and allowed to dry for ≥1 h. Worms in pure LR white resin were placed in the 18-mm square cavity and covered with a 25-mm square piece of Aclar. The slide was placed in a container flooded with dry nitrogen gas, which was sealed and put into a 60°C oven for 1--2 d. The Aclar plastic was peeled off, and selected worms were cut out and remounted for sectioning. Thin sections (70 nm) were cut using a microtome (Ultracut UCT; Leica) and collected on Formvar-coated copper grids. Immunoelectron microscopy of CPG-1 and CPG-2 was performed using 1:500 dilutions of primary antibodies Ab153 and Ab154 and a 1:35 dilution of a secondary goat anti--rabbit antibody coupled to 10-nm colloidal gold ([@bib23]). Immunoelectron microscopy of chitin was performed by incubating with a 1:50 dilution of maltose-binding protein--tagged chitin-binding probe (New England Biolabs, Inc.) followed by a 1:50 dilution of an antibody to maltose-binding protein (New England Biolabs, Inc.) and detection with a 1:35 dilution of goat anti--mouse antibody coupled to 10-nm colloidal gold. Sections were poststained with 2% uranyl acetate in 70% methanol followed by aqueous lead citrate and viewed in a transmission electron microscope (Tecnai 12; FEI) operated at 100 kV.

Online supplemental material
----------------------------

Fig. S1, which is related to [Fig. 1](#fig1){ref-type="fig"}, shows that CPG-1 and CPG-2 localize to puncta in oocytes of the proximal gonad and to the embryonic eggshell. Fig. S2, which is related to [Fig. 2](#fig2){ref-type="fig"}, shows that CPG-1 is stably incorporated into the inner layer of the eggshell, whereas CPG-2 rapidly diffuses within the perivitelline space. Video 1 shows that mCherry::CPG-1 failed to recover after photobleaching, indicating it was stably incorporated into the eggshell. Video 2 shows rapid recovery of mCherry::CPG-2 after photobleaching, indicating it was soluble in the perivitelline space. Video 3 shows that GFP::CHS-1 internalized from the plasma membrane coincident with cortical granule exocytosis at anaphase of meiosis I. Video 4 shows the formation of scallops caused by plasma membrane adhesion to the eggshell at anaphase of meiosis I in a *cpg-1/2(RNAi)* embryo. Video 5 shows rupture of an embryo through the eggshell in a *chs-1(RNAi)* embryo. Video 6 shows the permeability barrier was malleable and continually changing shape, suggesting it behaves more like a tightly drawn blanket than a rigid ECM layer. Video 7 shows prolonged cortical granule exocytosis in a *kca-1(RNAi)* embryo. Video 8 shows prolonged cortical granule exocytosis in a *pod-1(RNAi)* embryo. Table S1 lists the *C. elegans* strains used in this study. Table S2 lists the dsRNAs used in this study. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201206008/DC1>.
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